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Kinetics of Lead in Bone and Blood after End of
Occupational Exposure

L. Nilsson'. R. Atiew«ll:. J.-O. Christoffcnsoo', A. Schiilz:. L. Ahlgrcn1. S. SkcrfvinR: and S. Ntattsson'
Department of Radiation Physics. Malmo. Lund University. University Hospital. S-2U 01 Malmo. and

:Dcpariment of Occupational and Environmental Medicine. Universi ty Hospital. S-221 85 Lund. Sweden
(Received January 30. 1991: Accepted March 21. 1991)

Abstract In 14 retired lead workers, followed forever 18 years after end of exposure, repealed analyses of lead levels in
finger bone by an in \-n-o X-ray fluorescence method revealed a decrease of lead concentration. The data were analysed
using an exponential retention model. For the whok group the biological half-time was 16 (asymptotic 95% confidence
interval. Cl 12.23) years. The median of the estimated bone lead levels at the end of exposure was 85 ug z ~' above the
"background" (3 Mg g~ ' ) A simultaneous follow-up of Mood lead levels displayed a decrease, which could" be described
by a tri-exponential retention model with group half-limes of 34 (Cl 29,41) days. 1.2 (CI 0.9.1.8) years, and I3(CI 10.18)
years, respectively. The median of the estimated blood lead levels at the end of exposure for the three components were
0.49. 0.61. and 1.1 umol T' above the "background" (0.38-0.56 umoH-'), respectively. The well-documented decrease
of lead exposure in the general population over the yean, urged the use of a decreasing "background" of blood lead
during the time of the study. The slowest of the three components represented the skeleton (probably mainly cortical
bone), as did mainly probably also the intermediaie one (trabecular bone). The data show the rather slow turnover of
lead in the skeleton, the usefulnes of in vivo skeletal lead measurements as a long-term exposure index, and the importance
of bone as a source of "endogenous" lead exposure.

For thousands of years lead has been widely used, and the
study of lead is of utmost importance because of its known
toxiciiy. Excess exposure may result in seriout conse-
quences, if the tissue concentrations reach critical level*.

The main part of human lead uptake takes place via the
gastrointestinal and respiratory tracts. In work places where
lead is handled, exposure primarily lakes place via inhal-
ation. In addition, lead workers are often further exposed
by consumption of tobacco, snuff, and food and beverages.
contaminated with lead from the work environment.

A large part of the absorbed lead is incorporated in the
skeleton (Gusserow 1861: Barry 1975), which contain* more
than 90 percent of the body burden of lead (Barry 1975).

Thus, there is a great need for kinetic studies of this
large lead pool. However, very little data based on direct
measurements in humans are available. The turnover of
lead in the human body has often been assumed to be rather
slow (Task group on metal accumulation 1973). Several
estimations of the turnover rate of lead have been made.
based upon: I) animal studies. 2) bone remodelling studies
m humans. 3) various lead balance models, and 4) obser-
vat ion of the decrease in blood lead levels after end of
occupational exposure. The half-times reported for lead in
bone or whole body have varied considerably, from a few
vears and up to more than one hundred years.

Yet another possibility i> to measure lead directly in vivo
in the skeleton We have earlier reported a mean half-time
of seven years for lead in finger bone, based on such meas-
urements (Christoflcrsson cr al. I486), and the same mean
half-time was observed for the slow component of blood

lead (Christoffersson ei al. 1986). These data resulted from
a longitudinal study of retired lead workers; the follow-up
time (from end of occupational exposure) was between I ~
and 13.4 years.

The possibility to accurately assess the kinetics of lead in
a slow pool, such as the skeleton, is directly dependent upon
follow-up time. The longitudinal study of this group of
retired lead workers has therefore been continued and the
follow-up time is now between 7.2 and 18.5 years. This
paper reports the results of this study

Materials and Methods

Subjects studied.
Croup A. Starting during 1979-1982. a croup of eight persons was
studied. This group consisted of seven retired smelter workers and
one former storage battery worker. The first bone lead measure-
ments were made within 2-359 (median *~\ days after the end of
occupational exposure to lead. At the enc of exposure the median
age of the group was 64 (range 49-651 vears and the median ex-
posure time 25 (range 10-38) years The members of this group
were followed for 7.2-10.8 (median 9 Si ><urs and the number of
bone lead measurements for each individual »as in the range II- ' .*
(median 13).

Group 8. From 1971. six former sloragc-battcry plant wurkcr>
were studied. The first bone lead measurements were made ft H-~ n
(median 6 9| years after the end of (KXUpJtKin.il exposure to lead
At the end of exposure their median jgc «.i> 53 iranuc 30-65i war.
anil the median exposure time 30 (r-in;.1 - 4 5 ) vearv The loui
follow-up time was 13.2-IX 5 (median 1" "i vears and the number
of hone lead measurement* for each i iu i iv^ual ranged ' I3(medi . ! r
12)

IA summary of the characteristics of ir.^vijuals i> given m appen-
dix I I
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In MVO iU'ii'rntiniiitt"! i>i i!nv^r h,,nt- jfntl httin-l'h In u v i < measure -
inenis nl hone lc.iJ were carried oul us ing .in X- ra> llurescenee
i . X R F i mclhod or iginal ly developed h> Ahlerei i >•/ <// I Wdi ;md
Ahljiren i Mjllsson (W^l. .ind Liter improved h> Chrisiolfersson
i-( al 1 1 9861

The conicnl of lead was estimated from 3 measurement of ihc
midpari of ihc second phalanx of the left forefinger. The finger was
fixed in a rx<l>mcih\i methacrylale holder and about I cm' of bone
tissue was irradiated b> iuo oppositely directed, collimaied '"Co
sources, which emu two gamma-rays. 122 keV (87%) and 136 keV
(10%). above the K-edge of lead. 88 keV. The total activity was
about 06 GBq. The count rale of the produced characteristic lead
Ka X-rays (Ka, - 75 0 keV and Ka, - 72.8 keV) was measured at
a mean angle of 90 to the incident gamma-rays by means of a high
purity, planar germanium detector (16 mm diameter x 5 mm) (fig.
I ) .

The observed count rate was converted to a bone lead concen-
tration by using finger-like phantoms (Ahlgren & Mattsson 1979).
These phantoms consisted of an inner core of silica paraffin wax
and bone ash. with known amounts of lead added. The outer part
of the phantoms consisted of silica paraffin wax. simulating the
surrounding soft tissue. The count rate in the observed Ka peaks
is. due to the short distances in the used geometry, dependent on
the volume (diameter) of the bone examined. For typical diameters.
6-9 mm. of the bony part and for a bone mineral content of al
least 20% (by wet weight), the bone mineral concentration is of less
influence on the Ka count rate (Ahlgren & Mattsson 1979). Thus.
the in vivo measurements were compared with measurements of the
described finger-like phantoms having a bone mineral content of
20% (wet weight) and different diameters of the bone-simulating
pan. To estimate the dimensions of the phalanx studied in vivo, two
radiographs of the finger phalanx, in orthogonal directions. were
used.

In the 1978 measurements, a different detector, different collima-
tors. and slightly different calibration procedure* were used. The
results from these measurements have been recalculated using the
same calibration technique as in 1979-1990.

The measuring time (live) for an in rivo analysis was 1,800-2.000
sec., giving a minimum detectable concentration (MDC) of lead in
the finger bone of approximately 20 ug lead per gram wet bone
(ng g~'), corresponding to three standard deviations above the
background.

The absorbed dose to the centre of the finger and to the skin was
1 and 3 mGy respectively. The energy imparted was about 0.01 ral.
which gave a mean whole body dose equivalent of approximately

X R f - :v.ethod h.i^ pr
' . 'I vi.::eriT.<.cv ' . ? " • •

•'Co-source
G*-d«t«ctor

Fig. I. The source and detector assembly used for in vivo X-ray
fluorescence measurement* of finger bone lead.

reported lo he I" .ij ;_•
(.'hrislollersson ,' ,:. I ' lM-l , basei! ••<: pa i red r i i ca>ure! r .> . -n i» . ::

iniean "Hi and i I je e ib 1) o! \ j i l lerences . 21" . . i>l the Tea"
Somcrvaillc rf itt ! l »s^ t based or. paired measurements on six \uS
jccis w i t h measured concentrations m ihc range < 20-104 uc e
(mean 49).

The accuracy of the method has earlier been verified b> ,-•••
mortem analysis of Ihe second phalanx of the left forefinger Iron:
one subject, who had previously been measured m HVH iChrisiof
fersson et al. 1984).

To further investigate the degree of accuracy of this m uu> XRF
method, post mortem analysis using XRF and flame atomic absorp-
tion spectrometry (AAS. Schutz et al. 1987a> of one forefinger
phalanx and one toe phalanx were made. These two subjects haJ
earlier been analysed in tiro, and the time between the in \i\i> and
post mortem analysis was about 6 months in both cases. In addition.
post mortem analysis of three second forefinger phalanxes were
made using XRF and AAS (in these cases no m mo determinations
had been made). The post mortem XRF analysis of the naked
phalanxes were made using the same geometry as for the in mn
analysis. The lead concentration was estimated by using the quotient
of Ka X-rays and incoherently scattered radiation (Ahlgren et al.
1981). The phalanxes were then cul into three pieces (proximal,
middle and distal) of about equal length and analysed by AAS.

To estimate the type of bone (cortical-trabecular) at the site of
measurement, the calcium (Ca) concentrations of the phalanxes
were determined using AAS (Schutz et al. I987a).

Determination of blood lead, blood-Pb. To determine the blood lead
levels, Wood-Pb. venous Mood was obtained in metal-free heparin-
ised tubes, at least in connection with each bone-Pb measurement,
generally more often. The same analytical procedure was main-
tained during the whole study period. The samples were wet-ashed
and the lead was complexed with dilhizone, extracted and deter-
mined by AAS. Duplicate determinations were always made. The
detection limit was 10 ug l~' (O.OS umol I'1; I ug-l"' -0.0048
umol -I'1) . The precision, calculated from duplicate determinations
and expressed as the coefficient of variation (CV). was 2.8% in the
range above 400 ug T' (mean 536 ug-]-1: n - 50). 2.6% in the
range 200-400 u g ] - 1 (mean 307 ug |->: n - 100). and 3.5% in the
range below 100 ug 1"' (mean 151 ug 1~': n « 81). For the lowest
range, the precision for the last five year study period was identical
to that for the whole period.

The accuracy was checked twice each year in an inter-Nordic
laboratory calibration program. Our results averaged 97% (range
82-113%) of the mean. There was no time trend in our relative
results.

Other examinations For each individual, an occupational and medi-
cal history was recorded. Thirteen subjects had been temporarily
removed from lead work because of excessive exposure (blood-Pb
levels 2 3-5 umol - I ' 1 or high urinary 8-aminolevulmic acid levels).
One subject had a clinically silent chronic lymphatic leukaemia and
another had a slight type 1 diabetes.

Venous blood samples were analysed al least once for haemo-
globin level, as well as for calcium, phosphate and creatinine concen-
trations, and alkaline phosphatasc and gamma-glutamyl transfcrase
(S-GT) activities in serum. S-GT was raised in two subjects, both
of whom were known to abuse alcohol. All other tests were within
the reference limits

Anul\sia ol mva.furftl htine-Ph unit hlnntl-Ph i-muvntraliiins.
MailtcHMiiiul <mu/iii.i. The analysis of the experimental retention
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data made u>c o: .1;: c\v::o*^ •• JTM^TI • •: ;!ie ^omputer procram
E.XPFIT iGua.- iJ . i rM>-"1 -•: .ii I ^ N - J Guardabasso. personal com-
m u n i c a t i o n ) , w h i c h provides .1 s imul taneous fit of a family of ex-
ponential curves

The maihcm.i t icul expression nl exponential elimination curves
u>cd in ihe retent ion model can be w r i t t e n as

= IC ex
I

where t is the time after end of exposure. C^f t ) is the lead concen-
tration in bone tor blood) at time t. n is the number of exponential
terms ( n £ 4 ) . /. i* the el imination rate tor exponential term i. and
C. is the concentration at t ime zero corresponding lo exponential i
The parameters (C. and >.,) and their asymptotic standard errors
were estimated bv using a modified Gauss-Newton algorithm, which
minimises the unweighted residual sum of squares. Assuming
asymptotic normality of the estimates. 95% confidence intervals
(CI) were calculated. The estimated elimination rates. X,, and the
corresponding CIs were transformed and presented as half-times.
T,.

The execution of the program EXPFIT requires that the number
of exponential terms be specified and. for data sets containing more
than one individual, whether the parameters C, and/or X, are forced
to be shared. This gives a higher weight to individuals for which
there are many measuring points. However, in our case the number
of measurements was about the same for all individual* (appendix
I and 2). In general, in our estimations. C,'s were unconstrained
and /.,'s were either unconstrained (for individual fits), or forced to
be shared within group A. group B. and group A + B. In the follow-
ing, the estimated half-time for a group of individuals is called
shared half-time

Bone-Pb. When a measured bone-Pb concentration was below the
detection limit of 20 ug • g"' . a value of 10 ug g"1 was assigned.

From all measured bone-Pb concentrations 220 MI'1*1- • con-
stant "background" concentration of 3 ug g"1 was subtracted prior
to mathematical analysis. This value corresponds to the median
concentration found in the femur of non-occupationally exposed
Swedes (3.2. range 2.4-4.9 ug • g-'; n - 5: Gerhardsson tt al. 1987).

Bltiod-Ph An estimated decreasing "background" concentration
dependent on calendar year was subtracted from all measured
blood-Pb concentrations prior to the retention modelling.

This "background" was based on studies of blood-Pb levels in
1.773 Swedish children during 1978-88 (Schutz ei al. 1989) and 166
non-occupaiionall) exposed Swedish adult men in 1984 (Svensson
ci al 1987). The "background" in each year was calculated from a
mean of 0.35 u,mol I ' observed for the men in 1984. assuming a
constant yearly decrease of 0.016 umol-l"' (estimated from the
children's data). The "background" thus varied from a maximum
of056umol I" in 1971 to 0.25 umol I"1 in 1990.

For subjects with too few blood-Pb determinations in ihe time
period immediately after end of occupational exposure (lew than
four during ihe first two months) lo provide a meaningful estimate
of the fast component, this component was assumed to have a half-
time of 30 days, which is the median value of a larger material
(Schutz ci al. I987b). This was not necessary in the shared group
analyses.

The different estimations were compared by computing F-ralios
to lest the dllTcrcnce in sums of squares adjusted for ihe number of
parameters.

Results

Ii, >iu-l>h
l:or all >.implcs. there w;is a gixxl correlation between the
l«ni iiinrii'iii XRK .mcJ AAS amtlyscv especially considering
ih.it the measurement volumes were not necessarily the same

I". \i\n and {""•! niiirii-ni a n j i v - a s of I 'orelirvier ph.nar.\e> • \ « f \
ra> iluorescence. A AS a tomic absorp t ion >peetrometrv. i - \ i ; t.i:-.
cent ra l ions bv mass wet u c i c h t The indicated unccr.aimie-. ', *> D
.ire due to cour/jni; > i . t t i* . : i c> oni1.

ID

A-3

B-l

C

D

E

Section

Proximal
Middle
Distal

Proximal
Middle
Distal

Proximal
Middle
Distal

Proximal
Middle
Distal

Proximal
Middle
Distal

Bone-PS lug e

In mo Foil murii'in
XRF XRF

40 - 5
27+14 40 r 3

4X-4

-

86±I6 II9±2*
II2±2*
71
48
64

67
62
75

65
57
85

i

AAS

4?
36
60

135'
-

138*

90
45
77

82
61
89
69
55
87

Uone-Ca
I me j i

AAS

122
16S
156

114-
-

125*

129
165
149

144
211
162

137
186
153

* A toe phalanx (the in vivo measurement was made on the fore-
finger phalanx)

(table I). The measured in rn-o lead concentration in the
finger phalanx (subject A-3) corresponded welt to pom
mortem analyses (fig. 2). The toe phalanx (subject B- l i .
analysed post mortem, showed a relatively high bone lead
concentration as did the finger phalanx analysed in \-i\-o. In
the middle section of the forefinger phalanxes, (he mean Cu
concentration was 183 (range 165-211) m g - g ~ ' . The end
sections showed lower Ca concentrations: proximal end:

M0

1
£
I

0 1 2 3 4 5 0 7 8 9 1 0 "

Years after end of exposure
Fig. 2. Finger bone lead measurements and iml iv idua l lv lilted
mono-exponential curves after end ol occupational exposure lor
subjects A-7 ( . » . estimated half-lime I* >ears) and A-3 i a esi i -
matcd half-time 6.2 years Also indicated are llic result* ol the
pint iiMirifin analyses: X-ray fluorescence i st i. atomic absorption
spectromctry t x). The dolled line indicates (he assumed 'back-
ground" concentration (3 ug • g ")



L NILSSON t/ It

2
S
*S

CT

OU- - - -.

•60-

•40- « •
•20- : •• "=.

•oo- • • » • ..% a* . ». T9°- . .~~ •*•-"; • »Y .*• •".
60. >,v "̂. •j*-*»-v.-._
40- • " • . *" %i , -k...

2 0 - ' • , . • > « .
• » • » 4 •

*

• ,

* * \

0 2 4 6 8 10 12 14 16 18 20

v««r« after end ol wpoturt
Fie. • Finger bone lead measurements after end of occupational
;\pi.>&ur< for groups A lopen symbols, different subjects) and B
icli»cd svmbols) The dashed line corresponds to a mono-exponen-
tial retention model «uh the estimated shared half-time of 16 years
and median intercept $5 |ig g"' The dotted line indicates the as-
sumed "background" concentration (3 Mg g" '>

mean 133 (range 122-144) m g - ~ ' . distal end: mean 155
(range 149-162) mg-g-' .

The finger bone-Pb concentrations decreased after end of
exposure (figs. 2 and 3).

A mono-exponential retention model was used to explain
the measured bone-Pb concentrations (appendix 1). No ac-
ceptable Tits were achieved when applying a bi-exponential
model to the individual measured bone-Pb concentrations.

The eight subjects in group A, followed for 7.2-10.8 years
after end of occupational exposure, all showed estimated
bone-Pb concentrations which decreased with time. The
individually estimated half-times for bone-Pb were 6.2-27
years.

In group B, followed for 13.2-18.5 years after end of
exposure, four of the six subjects had estimated bone-Pb

concentrations which decreased wuh t ime The indivdu.i : !- .
estimated ha l f - t imes were I I — T O \ear>

For groups A .ind B. the filled mono-exponential e l i m i n -
ation curves corresponded to a iharcd half - t ime ol ! .• i ( . !
10.19) and 37 iCI U.xi \ears. respectively The hall-tune-
m group A and B did not differ significant!) (F, ,.w = 3 ".
P = 0.06).

For all 14 subjects, the fitted mono-exponential elimin-
ation curve corresponded to a shared half-time of 16 iCI
12.23) years and the median of the estimated bone-Pb le\el
at end of exposure was 85 ug g"' above the "backeround"
(3ug-g- ' ) ( f ig . 3).

Application of a bi-exponential shared retention model
gave an acceptable fit for group A only. The estimated
shared half-times were: T, - 1.2 (Cl 0.5.x) and T- = 16
(CI 9.3.59) years.

The values of the estimated elimination rates. X,, were not
strongly dependent on the subtracted "background" bone-
Pb concentration. Using "background" bone-Pb concen-
trations between 0 and 5 ug-g~'. it was found that the
individually estimated elimination rates increased with
5-10% (except for subject B-3; 80% and subject B-5: 34%).
and with about 5% for the shared group estimates.

Blood-Pb.
After end of occupational exposure, the blood-Pb decreased
in a non-linear pattern (fig». 4 and S). To explain the meas-
ured blood-Pb concentrations, bi- and tri-exponemial reten-
tion models were fitted (appendix 2).

Using the bi-exponential model, 13 subjects showed esti-
mated blood-Pb concentrations which in general decreased
with time; for one subject, the estimated half-time was over
100 years. An acceptable fit was achieved for 4 of the 14
subjects when applying individual th-exponential models.

24 V......
—.-—»-,-»

0 1 2 3 4 5 4 7 8 9 1 0 1 1 1 2

Ybvi afMr tnd ol •xpotm
Fig. 4 Measured blood lead levels after end of occupational ex-
posure for subject A-2. The dashed line indicates the sum of the
fitted curves in a in-exponcmial retention model: T, - 22 days.
T.. ^ 0 48 years, and T, - 16 years. The dotted line indicates the
levels of ihe assumed linearly decreasing "background" concen-
tration (in this case 0.25-0.43 urnol-l'1).

0 2 6 8 10 12 « 16 18 20

YM* •tar and ot •xpoiur*
Fig. S. Measured blood lead levels after end of occupational ex-
posure for groups A (open symbols, different subjects) and B (closed
symbols). The dashed line indkales the sum of the fitted curves in
a tri-exponential retention model with estimated shared half-times
of J4 days. 1.2 years, and 13 years and median intercepts from the
shared model. The dotted line indicates the levels of the assumed
linearly decreasing "background" concentration used for the mem-
bers of group B (0.25-0.56 pmol • I")
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In considering these 4 subiects in the tn-exponential model,
and the other 10 in the bi-exponential one. the e-'.mated
half-lime of the slowest component ranged 3.6-10" years.

On combining groups A and B. the shared tri-exponential
model gave a better description of the data than the shared
bi-exponential one (F7<:4 S = 14.0. P< 0.001).

For group A. the shared half-time for the slowest, third
component was 12 (CI 9.3.16) years, for group B the corre-
sponding value was 17 (CI 11.38) years. For the combined
groups A and B. the estimated shared half-times were 34
(CI 29.41) days. 1.2 (CI 0 85.1.8) years, and 13 (CI 10,18)
years and the medians of the estimated blood-Pb concen-
trations at end of exposure were 0.49.0.61 and 1.1 umol-l"1

above the "background" (0.38-0.56 umol • I'1), respectively
(fig. 5). A model allowing the third component to vary
according to group A or B did not give a significantly better
fit (F.ju - 0.75, P - 0.4).

The use of a linearly decreasing, instead of a constant,
blood-Pb "background" concentration mainly affects the
slow component. For example, application of a constant
blood-Pb "background" of 0.3 umol-l"' (Christoflenson
ei al. 1986) and computing shared half-times for all subjects,
gives: T, - 34 (CI 29,41) days, T2 - 1.2 (CI 0.8,2.1) years,
and T,-9.8 (CI 8.3,12) years.

Discustoa
The data presented in this study clearly demonstrate that
there is an elimination of bone-Pb after end of occupational
exposure to lead, although it is rather slow.

The comparison between in vivo and post morion XRF
and AAS analyses showed a good agreement, strongly sup-
porting the accuracy of the in vivo XRF method.

More than 18 years after end of exposure the detected
bone-Pb levels were still generally higher than those found in
"non-exposed" Scandinavians (Grandjean A. Holma 1973;
Lindh ei al. 1978; Gerhardsson ei al. 1987; Schfitz el al.
1987a).

The shared half-time for bone-Pb is 16 yean, with a
narrow confidence interval, and is thus a fairly accurate
estimate. However, there is a large difference in the estimates
in individual subjects of the half-time for bone-Pb (range
6-470 years). Furthermore, four of the workers in group B
showed estimated half-times, which seem to deviate from
the rest: two of the workers had a very slow decrease, and
two even showed an increase of the estimated bone-Pb
concentration. There are several possible explanations.

The first measurements of bone-Pb in group B were made
with a slightly different measuring set-up. This may have
introduced a systematic error, which, however, should hard-
ly exceed 10%. and which is probably not the reason for
the observed difference.

The measurements of bone-Pb on the individuals of group
B started about 7 years after end of occupational exposure.
whereas the members of group A were followed from end
of exposure. The luck of data during the first years after

end of exposure, w h e n the decrease in bone-Ph is rc' .atueK
much larger, may influence the .iccurae\ of the est imated
half-times. This is indicated b\ the larger confidence i n t e r -
vals for the estimates for the members of group B

The skeleton contains two types of bone tissue, cortical
and trabecular. The turnover rate of trabecular bone has
been reported to be three to ten times that of cortical bone
(ICRP 1975). This is reflected in the turnover rate of lead,
which has been reported to be faster in trabecular than in
cortical bone (Rabmowitz ei al. 1976: Schiitz ci al. I98?a).
Thus, there is at least two different bone-lead pools in the
skeleton.

Data on workers temporarily removed from exposure
indicate that there exists no large, very rapid finger bone-
Pb pool (Christoffersson et al. 1984).

According to Woodard & White (1986). the Ca concen-
tration in pure conical bone tissue is 22.5% (by wet weight)
versus 7.4% in trabecular bone (assuming 33% conical
bone and 67% bone marrow, by mass). This elemental
composition of bone tissues together with the mean of the
measured Ca concentrations (table I: 18.3% by mass), indi-
cates that the site of measurement consists mainly of conical
bone (approximately 80% by mass). However, due to the
design of the experimental set-up, it is realistic to believe that
parts of the phalanx ends, with lower Ca concentrations, due
to trabecular bone, also contribute to the signal.

The estimates obtained for the sum of two exponential
curves for the bone-Pb in group A [T, - 1.2 (O.S.oo), and
T2 -16 (9.3,59) years) indicate (in spite of the large CIs) the
possibility of one slow and one faster lead pool, possibly-
representing trabecular and conical bone, respectively. In
group B the presence of two components may be obscured,
due to the limitations set by the precision of the XRF
technique and the lack of bone lead data during the first
seven years after end of exposure.

Some of the present workers became old and the possi-
bility of an effect on lead turnover from decalcification of
the bone must be considered. Osteoporosis will probably
tend to increase the elimination rate and thus decrease the
half-time. Data showing a decrease in bone-Pb at high age
may indicate such an effect (Wittmers c/ al. 1988). However,
as there was no association between age and half-time in
our material, it is unlikely that osteoporosis has severely
affected our results.

The presented shared half-times of bone-Pb are somewhat
longer than the ones presented earlier (Christoffersson ci til.
1986) for the same two groups of individuals. However, in
the latter case, the mean half-times were calculated by taking
the mean of the individual >.,.. 'S and no bonc-Pb "back-
ground" was subtracted. Taking this into account, the re-
sults are fully compatible.

However, the present analysis has several advantages:
The use of a program for simultaneous curve l i l t ing inc.ins
a refined analysis: it is possible to simultaneously analyse a
group of data sets and ihu> to >ummansc all the infor-
mation.

For blood-Pb. the shared half-time of aboui one month
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lor the r.ipid component in the shared nu<<Jel. dominating
close to end of in.viip.nion.il exposure, is in excellent agree-
men I with our e.irlier estimates (Schiil/ <•' «/. Il)s7b).

Ax lo the slow components in blood, we took into con-
•>ideratii>n that the "background" blood-Ph is decreasing in
m.inv countries, including Sweden (Schiit/ ci <il. ll)89). ll
this factor is not considered, ihc decrease rale will he over-
estimated. As we had no detailed yearly information in
adults, we used the levels over time in children, and adjusted
the concentration to that found in adutis. This is of course
not optimal, bui should be fairly accurate.

In the case of bone-Pb. there is no need to lake into
account a lime trend, as this, if present, would be much
delayed, as compared to blood. Also, the impact of the
"background" is far less important, as indicated by calcu-
lations with different realistic "backgrounds". The bone-Pb
"background" levels used here are low. and based upon a
few observations only. However, they are in agreement with
the low levels found in other studies of Scandinavians
(Grandjean & Holma 1973: Lindh ei al. 1978: Schutz ei al.
I987a).

The present data on the retention of lead in blood a
long time after end of occupational exposure support the
direct observations of the lead retention in the skeleton,
as this phase of the blood-Pb should mainly represent the
skeleton.

A tri-exponential model for the lead retention in blood
was significantly better than a bi-exponential model. We
have strong evidence that the skeleton represents the slowest
of these components while the fastest one corresponds to
the blood and some soft tissues. As to the "intermediate"
component, there is some other information indicating the
presence of such a component, which may. at least partly,
represent trabecular bone, and the slowest one then cortical
bone. The turnover rate of the intermediate component
resembles the fast bone-Pb component found in group A.
The half-time of the intermediate component Tits with other
observations on turnover of trabecular bone lead (Schutz
ei al. 1987a). Furthermore, these data agree with the predic-
tions of an earlier presented compartment mode) (Christof-
fersson el al. 1987).

The fact that blood-Pbs, even a long time after end of
occupational exposure, were far above the "background",
stresses the importance of "endogenous" lead exposure from
the skeleton in lead workers.

The half-time of lead in the skeleton of more than a
decade indicates that an accumulation will occur over sev-
eral decades after a lasting increase in the exposure level.
Thus, the skeletal lead level would be useful as an index of
long-term exposure. Hence, in vivo measurements would be
of great value in studies of associations between chronic
exposure and effects.

There is a considerable variation in the individual
estimates for the half-times of bone and blood lead. Other
investigations have shown corresponding inter-individual
difference in lead kinetics (Christoffcrsson ci al. 1986:
Schutz ei al. I987b). This observation is important, since

il implies that some individuals. ,i\ .1 rcMiii ,•! .1 cer:.;.".
degree ol exposure to lead, mav he ,u lusher ri^k :'". ••
others The t'atiors which govern ihoc diileieiue-. ,ne -
I'ar unknown

In conclusion the present data show: 11 A rather slou turn-
over of lead in the skeleton. 2) The usefulness ol in m,.
skeletal lead measurements as long-term exposure index M
The importance of bone as u source of "endogenous" lead
exposure.
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Appendix I.
Results of applying a mono-exponential model to describe Uw retention of lead in finger bone. Half-time is calculated from the estimated
elimination rale: T, - ln2/X,. x indicates t., <0. C, it the estimated concentration at end of exposure, above the used "background" (3

Subject
No.
A-l
A-2
A-3
A-4
A-5
A-6
A-7
A-8
Group A
B-l
B-2
B-3
B-4
B-S
B-6
Group B
Group A •*• B

Age'
(y)
63
49
57
59
62
65
65
65
64d

54
30
56
65
41
51
53'
58"

Exposure time
(y)
38
10
22
26
24
14
33
26
25'
35
3

26 .
45
10
34
30*
26«

Follow-up time *
(y)
7.2

10.8
8.8
9.7
8.3
9.8

10. 1
9.9
9.8*

17.0
18.5
18.4
13.2
16.9
18.3
17.7«
10.4*

Nc

11
12
12
13
12
16
17
15

108
11
13
13
7

11
12
67

175

C, (Mg-g- ' l
62

108
61

119
74
49

102
131
8*
72
71
43
49
21

124
61'
85'

T, (95% CD
(y)

27 (5.7.x)
23(11.1800)

6.2 (3.1. x)
74(5.0.15)

I7(6.9.;>c)
6.6 (4.0.19)

15(9.3.43)
15(8.4.90)
13(10.19)'
84(9 7.x)
15 (4 5.x)

470 (9.9.x)
oo (45.x)
oo (S.9.X)
11 (5.3.500)
37(l4.xr
IMI2.23C

At end of occupational exposure to lead.
From end of occupational exposure.
Number of measurements.
Median.
Shared half-time.
Median intercept in the shared model.
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Results i>l' ;ippl>mg hi- j
elimination rales: T = .
(0 .-N-o 56 pinul I" )
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rO '.ri-exponeniiul models to describe ilic reiennon of le.id in blood H.ilf-times .ire ...ikuLiied ;>IMV ihe i>tny..no.:
:1 /. . x indicate* t. < l> C' .ire the csnm.ucd. concentrations ji end ol exposure. .ibo\e '.lie HM.\! 'b.ickeround

'Subject
No

A - l

A- :
A-3

A-4

A-5

A-6

A-7

A-8

Group A

B-l

B-2

B-3

B-4

B-5

B-6

Group B

Group A + B

N1

lit

46

15

22

IS

25

20

18

182

19

21

21

13

15

19

108

290

FirM
C

lumol 1")
028

3.1
2.3

<0
<0
<0

036
7
1

0.53
0.38
0.47
0.53
I . I
0.83
0.30'
0.33'

.3
069

.2
1

.8

.2

.0
0.91
0.87
0.86
0.60
0.16
1.7'
0.91'
078'
0.4*

Lumponcnl

T ii<"., cif
i d i

6 0 ( 1 . 5. xl

46 (39.54)
22(17.32)
30
30
30
30
30
30
30
30
30
30
30
30
52 (46.60)*
31 (25.40)*
30
30
30
30
30
30
30
30
30
30
30
30

224 (185.284)*
37 (24,86)*
54 (47.62)*
34(29.41)-

Seeo,

C;

lumol 1 )

1 5

1.9
1 6
1.2
1 4
1.6

<0
1 4
1 2
0.88
0.45
1.3
14
1.6
1.3
1.5'
0.30*
1.7
66
1.9
1.8
1.5
I . I
1.7
1.7
1.6

<0
2.0
1.3
0.88'
1.3'
I.S'
0.61'

d component

T. l l>5"o Ul

24(16.4-)

7 .9 (63 .11)
0.47(0.32.0.911
5.2(37.87)
3.6(2.1.14)

I I (80.16)
2.4 (0.33.x)

107 (23.x)
8.9 (0.70.x)
7.1 (49.13)
1. 4 (0.32.x 1
7.3(5.4.11)

II (1.1. x)
6.7 (5.2.9.7)
4.0 (0 47.x)

10(9.0.12)*
0.84(0.54.1.9)*
3.6(2.8.5.1)
1.3 (0.x)
5.2 (4.7.5.9)
2.8 (1.8.5.9)
9.7(8.5.11)
0.70(0.48.1.3)

11(9.0,14)
4.7(l.6.»)
6.3 (5.3.7.8)
5.8 (O.oc)
6.8 (6.0.7.8)
1.2 (0.58.x)

15(10.28)-
1.5(1.0.3.2)*
8.2 (7.6,9.0)-
1. 2 (0.85.1. tr

Tim,.

C

•

~.
1 5
•

0.002
•

5.3
•

025
•

0.54
*

<0
•

0.39
•

1.4'
•

<0
•

0.23
•

0.93
•

0.13
•

1.8
•

I . I
•

0.82'
•

I.I '

...moment
T. | ' ) ? " , , C I

i> i

•

~.
16(10.38)

•
x

•
4.1 |067 xi

•
X

•
26 (2.6.x •

•
X

•
X

•
12 (9.3.16)*

*

1.3 (0.x)
•

X
•

19(14.31)
•

X
•

6.3 (0.x)
*

13(8.0.30)
•

17(11.38)-
•

13(10.18)*
* Number of measurements.
" 30 days fixed, see text.
* Shared half-time.
' Median intercept in the shared model.
• Not applicable.
- Model did not converge.


